This study used the Segment Tracing Algorithm (STA) to extract lineaments from remotely sensed images. A computer program was then written to calculate the lineament densities and lengths. In Gaosong field, 3,233 lineaments were extracted based on a 200 m × 200 m grid size. The results indicate that most lineaments lengths are between 30 m and 50 m, and the number of lineaments within each cell ranges from 1 to 6. Areas with high distributions exist on both sides of the central region. According to the contour map of lineament length, the maximum lineament length is 380 m, and the minimum length is 30 m. The contours mainly extend in two directions, including NE and NW trends. This is consistent with the prominent NE and NW strike faults that prevail in the mining area. The results are similar to those obtained in the Machishui ore block, which has become a mine production area. High values of lineament length and density in the contour map of Gaosong field may be associated with hydrothermal tin mineralization in the study area. The results of this study potentially provide a new approach to mineral exploration in the early stage of geological prospecting.
Introduction
Lineaments are straight or approximately linear landforms that are widely distributed across the surface of the Earth and are closely related to underground concealed faults. Lineaments are related to fractures and faults in slightly inclined stratigraphic regions. The direction and number of lineaments reflect rock mass fracture patterns and can provide valuable information related to geological structures, tectonics, hazard assessment, and natural resource availability [1] [2] [3] [4] [5] . Remote sensing images cover specific intervals of electromagnetic spectrum wavelengths and therefore contain more information than traditional aerial images. Remote sensing images can illustrate various types of lineaments with different structural characteristics and tectonic activities. Lineaments can be extracted from remote sensing images via computer software. This lineament extraction process identifies various lineament parameters, including the beginning and endpoint coordinates, direction, and length.
Several researchers have conducted lineament length and density studies [2, [6] [7] [8] . Many of these studies utilized technology and computer programs to analyze length and density data. The segment tracing and rotation transformation approach can be used to produce lineaments density diagrams; for example, a density diagram was produced in southwest Japan by extracting lineaments from satellite images using the discrete element method (DEM) [6, 9] . Zeeb et al. [10] presented a fracture network evaluation program (FraNEP) to analyze lineament density, intensity, and mean length via scanline sampling and window sampling, or the circular scanline and window method. The FracSim 3D software package, which includes histogram analysis and probability plot tools, is designed to analyze the generated fracture lengths [11] . The LINDENS program has been used to estimate lineament densities in the Neogene Duero Basin in Northern Spain [2] . Markovaara-Koivisto and Laine wrote a Matlab script to model the lengths and densities of lineament tunnel fractures using field data [12] . However, most of these methods are based on traditional lineament interpretations, which set the cell size and use statistical methods to obtain the lineament position, length, and other parameters.
Numerous hydrothermal deposits that are associated with lineament distributions have been studied on different scales [13] [14] [15] [16] . Many geologists believe that temporal and spatial distributions of ore deposits are not coincidental, and the relationship between lineaments and ore deposits has attracted significant interest [17, 18] .
Gaosong is one of the main tin deposits in Gejiu District, and the fracture structure of Gaosong deposit is very complex [19, 20] . The formation of the hydrothermal ore deposit, which is associated with magmatic-hydrothermal fluids, was the result of fluids generated in the Earth's crust migrating from low-permeability to high-permeability zones via the fracture structure, which includes lineaments near the surface. Most lineament research has focused on structural measurements [21, 22] , tectonic and geochemical evaluations [23, 24] , determination of the fault and ore body directions [20] , and fracture structure characteristics that are linked to multiperiodic activity [25] . However, few lineament length and density studies have been conducted.
In this study, lineaments were extracted from remotely sensed images of Gaosong ore field. First, the linear relationship between the structures and the unit grid was determined. Then, a program was developed to analyze the lineament lengths and densities. The lineament lengths and number of lineaments in each grid were then presented as a contour map. The results provide significant advances in the field of ore body exploration.
Geology of Gaosong Ore Field
Gaosong ore field is located in the northeastern Gejiu tin ore deposit and the northern Wuzishan anticlinorium. The field is sandwiched between the NS Gejiu fault, the EW Jiajieshan fracture bed, and the EW Gesong and Beiyinshan faults. Therefore, the geological setting of the ore deposit is complex. Mesozoic, Permian, and Triassic strata mainly outcrop in the Gaosong ore field and comprise dolomite and dolomitic limestone. Tertiary mudstone, quaternary residual, and slope deposits are fragmentarily distributed in the area [19, 21] .
The fold structure consists of the nearly EW striking Duimen Mountain-Axi Village syncline and the NNW Hump Mountain anticline. The fracture structure can be divided into EW, NE, NW, and SN groups based on strike. The major fault strike directions are EW and NE, and NW strikes are also fairly common. The EW fracture group contains the Gesong fault, the Kirin Mountain fault, the Machishui fracture, the Gaoa fracture, and the Beiyin Mountain fault from north to south. These features are near-equally distributed. The Gesong and Beiyin Mountain fault scales are the largest, and the Kirin Mountain fault is the third largest. The NE fracture set includes the Lotus Flower Mountain, Lutangba, and Linaxi fractures from west to east. The NW fracture set includes Daqingdong, Heimashi, Camel, Axi Village, and Lina fractures. The NS fracture set is not developed within the ore field (Figure 1 ).
Lineament Extraction
Lineaments were extracted using the Segment Tracing Algorithm (STA) [4] , which searches for the digital number (DN) in each pixel of a satellite image. Each pixel ridge and valley can be determined based on continuous or discontinuous DN values. The image must be preprocessed before the lineaments can be extracted. The median filtering method is used to smooth the image and eliminate noise [26] . The STA method includes the following procedures.
Search for Pixels in a Continuous
Direction. First, a small window is established with a pixel at the center. The window size is either 5 × 5, 9 × 9, or 11 × 11 pixels, and several (such as 16) radial search direction intervals are set over the range of 0 to ( Figure 2 ).
The variable ( ) represents the DN value of pixel , and ( + ℎ) represents the DN value of a distance and an angle . The continuity of the DN value based on a straight line can be evaluated using
where ( ) represents pixel , corresponding to the weight coefficient; ℎ is the distance from ; and is the distance from the object of interest. The weight coefficient ( ) strengthens the role of pixel and emphasizes the difference between pixels that are close to and the DN values of the pixels. When is small, the direction ( min ) can be used as a continuity direction for the DN pixel values. Lineaments can be extracted using the DN pixel data, which might require the use of a larger window. This study considers the lineament search precision and elapsed search time based on an 11 × 11 pixel window size.
Line Element Determination.
The rate of change of ( ) is calculated using (2); the rates of change are equally important in bright and dark areas; hence,
Given that the DN pixel values occur in a rectangular direction ( max ), (3) can be formulated as follows:
If 0 is greater than the threshold value , then the center pixel is considered a line element :
In (4), ] and represent the mean and standard deviation, respectively. is the ratio of (ℎ) that corresponds to the adjacent pixels (ℎ = 1) and their DN values, where = (1)/ (1). The value of can be determined using the DN variation function (ℎ). (ℎ) represents the relationship between Jiajieshan fault L i a n h u a s h a n f a u l t W uz is ha n an ti cl in or iu m D a q i n g -A x i z h a i s y n c l i n e D a q i n g d o n g f a u l t Q il in s h a n fa u lt L u t a n g b a f a u lt L i n a x i f a u l t L in a fa u lt T u o f e n g f a u lt 
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Study area 1 km Figure 1 : Geology map of Gaosong field in Gejiu Tin Mine (modified from Zhuang et al. [19] ). T 2 g 1 : dolomite and limestone in the Kafang member of Gejiu formation in the middle Triassic; T 2 g 2 : dolomite in the Malage member of Gejiu formation in the middle Triassic; T 2 g 3 : limestone in the Bainidong member of Gejiu formation in the middle Triassic. 
Line Element Connection.
The connection direction of line element is limited to the range of min − /16 ∼ min + /16 along min . The sector scan area consists of , min , , and the apex angle, where is the center pixel, min is the center direction, is the radius, and the apex angle is equal to /8. If multiple line elements exist, then and the line element farthest from should be connected within the search area:
where is related to the line element azimuth. Each pixel in the study area can be searched, evaluated, and connected using the above steps. The lineaments characteristics in a remote sensing image can then be calculated. 
Lineament Density and Length Calculations
The simplest method of determining the linear density involves the following steps: dividing the study area into several square grids, determining whether lineament start or endpoints fall within each square grid, counting the number of lineaments, and summing the segment lengths in each grid. Lineaments are divided into three types based on the relationship between the lineament distribution and square grid intersections. We assume that 1 , 1 and 2 , 2 are the beginnings and ends of the lineaments, respectively; the left and right grid coordinates are and , respectively; and the upper and lower grid coordinates are and , respectively. Three scenarios are identified as follows:
(1) The line segment-square relationships are classified as follows: (A) the line is located completely outside the square (Figure 3(a) ), (B) most of the line is located outside the square (Figure 3(b) ), or (C) the line is completely within the square (Figure 3(c) ).
(2) The line segment start and endpoints are located outside the square, but the line cuts across the square ( Figure 4 ). 
Results and Discussion
A Matlab computer program was developed to calculate lineament length based on the methods presented in the previous sections. A total of 3,233 lineaments were extracted from an ETM+ image covering the Gaofengshan-Songshujiao region (Figure 6(a) ), which was acquired on February 28, 2003, with less than 5.7% cloud cover. The orbit number is p129/r44. The image has a resolution of 30 m. The start and end coordinates of the lineaments were used as inputs to determine the lineament types. The measured lineament lengths and densities were then compared with measured faults [25] .
The largest extracted lineament length was 400 m, and the smallest was 30 m. A histogram showing the lineament length distribution is presented in Figure 7 , which illustrates that most (60.9%) lineament lengths are between 30 m and 50 m.
These results were used to produce a 50 × 35 cell grid covering a 200 m by 200 m area. A contour map was then created based on the number of lineaments and the lineament lengths in each cell, as shown in Figures 6(b) and 6(c) .
Several conclusions can be drawn based on the lineament contour maps. Generally, A to F lineaments occur in each cell, and the cells with the highest numbers are distributed near the central area where Lutangba, Daqingdong, and Gaofengshan ore blocks are located. These high values are associated with the Machishui fault and the Daqingdong fault, and the Daqingnanshan fault bisects the region containing high numbers of fractures. The east-central region containing high numbers of lineaments is located near the junction of Qilinshan, Axizhai, and Lina faults. These areas with high numbers of lineaments coincide with the available surface information. Regions with high lineament lengths are mainly located near the center of the ore field; these lineaments exhibit a maximum length of 380 m and a minimum Koike et al. [6] extracted lineaments from satellite images and DEMs of southwestern Japan to create maps of lineament length density by counting line element pixels in a small window. Therefore, their results reflected the center pixel of an 11-by-11 pixel window. The lineament lengths calculated in this study are based on the relationships between line segments and a grid, which might reduce the required processing time. Casas et al. used the Delauney triangulation method to determine the distance between lineaments in the Neogene Duero Basin (approximately 150 km × 250 km), which is larger than our study area [2] . They used different mesh sizes to analyze the linear structure of the basin, and the results suggested that the number of zero values increases as the mesh size decreases.
Conclusions
This study used the STA to extract lineaments. The lineament densities and lengths were then calculated using a Matlab program, and the results were plotted as contour diagrams. These diagrams indicate that the maximum lineament length is 380 m, the minimum length is 30 m, and most lengths lie in the range between 30 m and 50 m. Eighty percent of all lineaments were included in the grid. Lineament lengths greater than 200 m were mainly distributed in the central portion of the ore field. Each grid cell typically contained 1 to 6 lineaments, and the most densely fractured regions were located near the center of the field.
Gaosong ore deposit has experienced Yanshannian (Mesozoic) tectonic movements, creating a complex geological structure. This study successfully used the STA method to extract the lineament characteristics of the area for the first time.
Lineaments are closely related to mineralization; therefore, studies of lineament distribution features that might control ore fluid migration are warranted. Most previous linear structure studies were based on field data, geophysical data, or data that were manually extracted from satellite images. These methods require significant time and entail significant artificial errors. However, the proposed method can effectively avoid these shortcomings.
Because lineaments are closely connected to the formation of hydrothermal ore deposits, lineament characteristics can potentially be used to identify new exploration areas.
